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HIGHLIGHTS 


•  We  present  a  proof  of  concept  of  a  new  scalable  all  solid  state  energy  storage. 

•  SrTi03  serves  as  anode,  cathode  as  well  as  electrolyte. 

•  We  present  a  defect  based  charge  and  discharge  mechanism. 

•  Thermodynamic  deduction  of  the  exergonic  reaction  by  density  functional  theory. 
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Redistribution  of  oxygen  vacancies  in  a  strontium  titanate  single  crystal  is  caused  by  an  external  electric 
field.  We  present  electrical  measurements  during  and  directly  after  electroformation,  showing  that 
intrinsic  defect  separation  establishes  a  non-equilibrium  state  in  the  transition  metal  oxide  accompanied 
by  an  electromotive  force.  A  comprehensive  thermodynamic  deduction  in  terms  of  theoretical  energy 
and  entropy  calculations  indicate  an  exergonic  electrochemical  reaction  after  the  electric  field  is 
switched  off.  Based  on  that  driving  force  the  experimental  and  theoretical  proof  of  concept  of  an  all-in- 
one  rechargeable  SrTi03  single  crystal  energy  storage  is  reported  here. 

©  2014  Elsevier  B.V.  All  rights  reserved. 


1.  Introduction 

Research  on  electrochemical  energy  storage  is  closely  related  to 
materials  with  ionic  or  even  covalent  bonded  systems  as,  e.g., 
transition  metal  oxides,  for  battery  components.  Working  as  host 
structures  for  intercalation  of  Li  ions  in  lithium  ion  batteries  1  , 
they  also  have  great  potential  as  catalysts  in  metal-air  batteries  [2] 
as  well  as  electrode  material  in  supercapacitors  [3]  and  are  applied 
as  solid  electrolytes  in  sodium-sulfur  batteries  [4]  or  solid  oxide 
fuel  cells  [5  .  Based  on  their  high  abundance,  low  cost,  environ¬ 
mental  compatibility  and  chemical  stability  as  well  as  manifold 
electrical  and  chemical  properties,  transition  metal  oxides  are 
particularly  suitable  for  new  concepts  of  redox-based  energy 
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storage.  One  opportunity  of  generating  new  concepts  is  the  synergy 
of  data  and  energy  storage  technologies. 

Hence,  perovskite-type  transition  metal  oxides  are  known  to 
have  great  potential  as  storage  material  in  resistive  random-access 
memory  (RRAM)  devices  [6  .  Typical  non-volatile  memory  cells  are 
realized  in  metal-insulator-metal  (MIM)  stacks.  Currently,  there 
exist  different  pictures  of  switching  mechanisms  in  the  literature 
[7].  In  general,  they  are  based  on  changes  in  resistivity,  defining  a 
high  resistance  and  a  low  resistance  state  which  differ  several  or¬ 
ders  of  magnitude,  which  is  also  observed  in  dependency  of  oxygen 
partial  pressure  at  high  temperatures  [8,9].  Application  of  high 
electric  fields  leads  to  local  structural  10]  and  compositional  7,11] 
changes  in  dielectric  materials.  In  this  process,  oxygen  vacancies 
Vq  act  as  most  mobile  defects  in  oxides,  revealing  a  mobility  of 
2  10-10  cm2  Vs-1  at  room  temperature  [10  .  Therefore,  a  redistri¬ 
bution  of  oxygen  vacancies  as  well  as  an  establishment  of  an  oxygen 
concentration  gradient  takes  place,  where  defects  are  responsible 
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Fig.  1.  Charging  and  discharging  behavior  of  a  SrTi03  single  crystal  energy  storage.  The  inset  shows  the  time-dependent  current  /(t)  during  electroformation  (charging  process).  The 
discharging  current  of  the  charged  SrTi03  cell  after  electroformation  shows  a  significant  increase  in  comparison  to  a  capacitor  with  SrTi03  dielectric  charged  at  100  V  for  a  few 
seconds. 


for  localized  reduction  and  oxidation  of  transition  metal  ions  12], 
respectively.  Accumulation  of  oxygen  vacancies  is  further  known  to 
form  defect  clusters  13,14]  to  gain  energy.  The  accompanied 
disproportionation  of  redox  couples  in  the  applied  electrical  field 
stores  energy  electrochemically  which  causes  an  electromotive 
force,  as  already  reported  by  Waser  et  al.  15]  in  MIM  stacks.  This  is 
a  requirement  for  galvanic  cells  and  determines  the  characteristic 
cell  voltage. 

Strontium  titanate  is  a  model  material,  crystallizing  in  cubic 
structure  with  space  group  Pm3m,  which  hosts  a  manifold  of 
excellent  physical  properties  based  on  its  crystallographic  and 
electronic  structure.  Various  applications  can  be  found  in  the 
literature,  e.g.:  gem-stone  (fabulite)  [16  ,  high-/<  dielectric  17], 
oxygen  sensor  18],  superconductor  [19],  photo-catalytic  material 
[20],  resistive  random  access  memory  6,21  .  Here,  we  report  on  the 
experimental  investigation  and  theoretical  description  of  charging 
and  discharging  processes  of  SrTiCH  single  crystals  to  demonstrate 
the  potential  of  perovskites  for  scalable  electrochemical  energy 
storage. 

2.  Materials  and  methods 

The  presented  electrochemical  cell  is  composed  of  an  etched 
[22]  as-grown  SrTiC>3  single  crystal  coated  on  both  sides  with  ti¬ 
tanium  electrodes  [10  ,  which  is  needed  for  applying  the  external 
electric  field  homogeneously.  Some  crystals  have  been  prepared 
with  structured  front  side  electrodes,  revealing  different  contact 
sizes.  Single  crystals  investigated  here  were  of  5  x  5  x  0.1  mm3  or 
10  x  10  x  0.1  mm3  dimension  in  (001)  orientation  ordered  from 
CrysTec  GmbH  (Berlin).  All  samples  showed  the  same  qualitative 
behavior,  quantitative  results  depend  on  the  crystal  real  structure. 
Electroformation  of  the  strontium  titanate  single  crystals  was 
performed  using  electric  fields  in  the  order  of  106  V  m-1  where  the 
electric  current  flow  through  the  crystal  was  recorded.  Electrical 
measurements  were  performed  in  complete  absence  of  light.  Time- 
dependent  current  measurements  have  been  conducted  with  a 
Keithley  4200  SCS. 


3.  Results 

In  a  Gibbs-Helmholtz  picture  it  is  obvious  that  in  thermody¬ 
namic  equilibrium  real  structures  at  finite  temperature  are  deter¬ 
mined  by  defects,  caused  by  the  energy  gain  due  to  entropy 
increase.  Having  the  lowest  formation  energy  [23  ,  oxygen  va¬ 
cancies  play  the  key  role  in  ionic  transport  in  transition  metal  ox¬ 
ides.  Assuming  a  homogeneous  distribution  of  Vq  throughout  the 
entire  crystal  in  the  initial  state  (E  =  0),  they  are  redistributed, 
based  on  their  charge,  during  electroformation  ( E  >  0)  [7,24,25], 
which  is  illustrated  in  the  inset  of  Fig.  1.  Consequently,  oxygen  va¬ 
cancies  accumulate  at  the  cathode  (negative  pole)  and  deplete  at 
the  anode  (positive  pole),  which  is  accompanied  by  structural 
changes  at  the  oxygen-rich  side,  as  reported  previously  10].  Such  a 
forced  defect  separation  leads  to  an  establishment  of  a  non¬ 
equilibrium  state  in  the  crystal  and  involves  the  titanium  to  be 
reduced  and  oxidized  [12  ,  respectively.  If  the  external  electric  field 
is  switched  off,  a  reversed  current  can  be  measured  (see  Fig.  1 )  due 
to  the  redistribution  of  the  Vq  .  Hence,  locally  there  exist  different 
driving  forces  15]  to  equilibrate  the  SrTiOs  single  crystal  again:  (a) 
the  Nernst  potential  V jv  having  a  redox  couple  with  exergonic 
character,  (b)  the  diffusion  potential  Vd  regarding  the  concentration 
gradient  of  mobile  oxygen  vacancies,  (c)  the  Gibbs-Thomson  po¬ 
tential  Vgt  in  terms  of  an  enhanced  surface  energy  of  dendrites  and 
additionally,  (d)  a  strain  potential  Vs  caused  by  the  elastic  distortion 
of  a  reversible  phase  present  at  the  anode  after  electroformation 
[10].  Fig.  1  shows  the  discharging  behavior  of  a  formed  SrTi03  cell  in 
comparison  with  a  capacitor  structure  using  strontium  titanate  as 
dielectric.  A  significantly  higher  current  is  observed  after  voltage 
shut  down  if  the  cell  is  additionally  charged  by  electroformation. 

A  drift-driven  redistribution  of  Vq  establishes  a  concentration 
gradient  accompanied  by  a  change  in  oxidation  state  of  titanium 
and  can  be  considered  as  charging  process.  Therefore,  a  Nernst 
potential  originates  from  the  local  minimization  of  the  free 
enthalpy  over  the  chemical  potential  gradients  of  the  active  species 
at  both  half-cells,  which  in  sum  act  voluntarily.  In  our  setup  the 
active  species  are  Ti  atoms  with  oxidation  states  Ti2+  in  the  vicinity 
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of  two  adjacent  oxygen  vacancies  (vacancy  cluster)  [  14,13],  Ti3+ 
next  to  one  oxygen  vacancy  (diluted  vacancies)  and  Ti4+  in  stoi¬ 
chiometric  strontium  titanate  unit  cells  (see  Fig.  2).  At  room  tem¬ 
perature  the  crystal  inherently  acts  as  a  separator  as  well,  blocking 
all  ionic  movement  but  the  diluted  vacancy.  Upon  charging  the 
applied  external  electric  potential  forces  the  change  of  Ti  valence 
states  at  the  electrodes,  here,  using  Kroger-Vink  notation  [26]: 

Anode  :  Ti^  — >Ti^  +  e'  (1 ) 

Cathode  :  Ti^  +  e'^Tijj  (2) 

The  limiting  process  for  the  reactions  and  according  current  is 
the  migration  of  diluted  vacancies  through  the  crystal  to  the  va¬ 
cancy  rich  region  to  form  clusters  [13,14].  Due  to  its  increased 
electronic  conductivity  it  acts  as  virtual  electrode  [7].  Next  to  the 
changes  of  Ti  oxidation  states  a  gradient  of  the  chemical  potential  of 
oxygen  vacancies  is  developed.  Upon  discharging  the  Nernst  po¬ 
tential  drives  the  inverse  redox  reactions  at  the  electrodes.  An 
overall  redox  reaction  can  be  written  as  comproportionation: 

Crystal :  Ti£  +  Ti^  2  Ti^  (3 ) 

The  Gibbs  free  energy  difference  AG  between  discharged  and 
charged  state  is  defined  by  the  Gibbs-Helmholtz  equation  in 
relation  to  the  enthalpy  H,  the  temperature  T  and  the  entropy  S  of 
the  system, 


Fig.  2.  Discharging  process  of  a  SrTi03  single  crystal  energy  storage.  The  non¬ 
equilibrium  state  of  accumulated  vacancies  at  the  negative  electrode  region  of  the 
crystal  arranged  in  dendrites  causes  the  electromotive  force  and  the  related  redox 
process.  Vacancy  clusters  (Ti2+)  dissolve  into  stoichiometric  SrTi03  (Ti4+)  and  form 
diluted  oxygen  vacancies  (Ti3+)  which  homogenously  fill  the  entire  crystal  at 
equilibrium. 


The  change  in  enthalpy  H  of  the  Ti3+  equilibrium  diluted  va¬ 
cancy  state  in  respect  to  the  Ti2+/Ti4+  charged  state  with  vacancy 
chains  along  neighboring  octahedra  on  one  side  and  the  stoichio¬ 
metric  Ti4+  state  on  the  other  was  estimated  according  to  the 
structures  shown  in  Fig.  2.  The  total  energy  of  the  supercell  with 
one  oxygen  vacancy  (Ti3+)  was  hereby  compared  to  the  total  energy 
of  the  supercell  representing  the  vacancy  chain  (Ti2+/Ti4+)  by 
means  of  density  functional  theory  (DFT)  calculations  using  the 
ABINIT  pseudopotential  code  [27]  with  LDATeter  extended  norm- 
conserving  potentials.  A  kinetic  energy  cutoff  of  823  eV  and  an 
8x8x8  Monkhorst-Pack  k-point  grid  for  the  stoichiometric  SrTi03 
cell  was  applied  and  convergence  with  respect  to  supercell  size 
ensured.  All  internal  coordinates  have  been  relaxed  to  forces  less 
than  2  meV  A-1  and  the  cell  parameters  of  the  supercells  have  been 
set  to  the  relaxed  parameters  of  the  stoichiometric  SrTi03  cell.  The 
clustered  vacancy  state  is  favored  with  A H  =  0.13  eV  per  vacancy  or 
A H  =  1.3  1015  eV  for  the  dimensions  of  the  bigger  crystal  volumes 
mentioned  above,  assuming  a  maximum  vacancy  density  of 
1  1018  cm-3  [10].  The  entropy  of  mixing  [28]  was  calculated  making 
two  assumptions:  first,  an  equal  distribution  of  the  vacancies  on  all 
oxygen  sites  Afi  =  5.0  102°  in  the  discharged  state  (crystal  size 
divided  by, the  volume  of  the  unit  cell  with  lattice  parameter  [29] 
a  =  3.901  "e)  and  second,  a  number  of  n  =  1  1016  vacancies  for  the 
SrTi03  crystal.  The  case  of  the  discharged  state  can  be  calculated  as 
an  n-combination  of  Afi  elements  without  repetition  and  the 
charged  state  as  an  n-combination  of  N2  elements  with  repetition, 
where  N2  =  5.32  •  1014  is  the  number  of  oxygen  sites  at  the  interface 
of  the  vacancy  cluster  region  (crystal  size  of  the  contact  area 
divided  by  the  square  of  lattice  parameter  a).  Using  the  Boltzmann 
formula,  the  binomial  coefficient,  and  the  Stirling  formula  the  en¬ 
tropy  of  mixing  yields 

AS=  1.00- 1013  eVK-1.  (5) 

That  means  for  the  enthalpy  at  room  temperature 

AG  <  0,  (6) 

so  discharging  is  an  exergonic  reaction  as  required. 

Additionally,  on  a  local  basis,  the  concentration  gradient  of  the 
mobile  oxygen  vacancies  within  the  bulk  drives  the  redox  reaction 
upon  discharging.  The  corresponding  voltage  can  be  estimated 
from  Valov's  et  al.  [15]  equation  5.  As  dendrites  are  formed  15],  it  is 
to  be  expected  that  the  strain  in  the  interface  region  costs  addi¬ 
tional  energy  while  charging  the  cell.  This  energy  can  be  estimated 
from  Gibbs-Thomson  equation  6  mentioned  there  as  well  15]  and 
will  additionally  drive  the  cell  during  discharging.  Potentially  there 
is  a  fourth  energy  contribution  from  forming  a  distorted  phase  at 
the  anode  region,  next  to  the  dendrites  at  the  cathode,  during  the 
charging  process.  This  phase  could  be  identified  as  migration- 
induced  field-stabilized  polar  phase  10]  and  its  degeneration  will 
contribute  while  the  crystal  relaxes  to  the  equilibrium  state  of 
SrTi03. 

Now,  it  is  demonstrated  how  SrTi03  serves  as  all-in-one 
rechargeable  energy  storage.  Fig.  3a,  depicts  different  I-V  sweeps, 
realizing  a  hold  time  of  1  h  during  each  cycle.  Initially,  increasing 
the  external  voltage  (I)  leads  to  a  linear  current  increase  (note 
logarithmic  scale).  During  step  (II),  which  is  interpreted  as  the 
beginning  of  electroformation,  a  sufficient  forming  voltage  is 
passed  to  move  oxygen  vacancies  through  the  single  crystal.  In  spite 
of  voltage  decrease  a  higher  current  can  be  seen,  where  (III)  rep¬ 
resents  the  maximum  of  the  forming  current  (see  inset  of  Fig.  1 )  and 
a  maximum  number  of  mobile  defects  in  motion.  More  and  more 
redistributed  Vq  arrive  at  the  cathode  (charging  process),  which  is 
superimposed  by  the  voltage  decrease  of  the  external  voltage, 
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Fig.  3.  Rechargeability  of  a  SrTi03  electrochemical  cell  shown  for  different  voltage  sweeps,  (a)  Exemplar  I—V  characteristics  of  an  as-grown  SrTi03  single  crystal  coated  with  ti¬ 
tanium  demonstrating  the  charging  (I-V)  and  discharging  (VI— VII)  processes,  (b)  Offset  currents  and  offset  voltages  depend  on  the  applied  electric  field. 


followed  by  a  current  drop  (IV).  At  /  =  0  A  the  electrochemical  cell  is 
arranged  in  an  electrochemical  equilibrium  (V),  where  the  external 
voltage  is  sufficient  to  hold  the  charged  state.  A  further  voltage 
decrease  leads  to  an  opposite  current  (VI),  which  means  that  the 
applied  voltage  is  incapable  to  keep  the  oxygen  vacancies  at  the 
cathode.  Hence,  this  serves  as  proof  for  the  battery  behavior.  Now, 
the  charged  SrTi03  cell  acts  against  the  external  voltage  and  as 
internal  voltage  source  (discharging  process).  At  U  =  0  V  (VII)  a  non¬ 
zero  current  can  still  be  measured,  evidencing  the  electromotive 
force  of  the  system.  Continuing  the  cycle  to  negative  voltages  a 
similar  current  voltage  behavior  can  be  discussed  accordingly.  Thus, 
a  specific  characteristic  can  be  found  in  the  functionality  of  the 


electrochemical  cell,  where  anode  and  cathode  are  simply  deter¬ 
mined  by  the  polarity  of  the  charging  process. 

In  the  following  certain  aspects  concerning  SrTi03  as  all-in-one 
rechargeable  energy  storage  material  are  discussed  in  more  detail. 
The  voltage-dependent  electrochemical  cell-equilibrium  is  sum¬ 
marized  in  Fig.  3b,  showing  the  offset  voltages  Vbffset  and  currents 
/offset  f°r  the  different  voltage  sweeps.  The  increase  of  up  to 
quadratic  order  depicts  an  additive  formation  behavior  within  the 
crystal,  which  can  be  attributed  to  the  afore  mentioned  compo¬ 
nents  of  the  electromotive  force.  Hereby,  the  Nernst  potential  is 
assumed  to  be  constant,  whereas  the  diffusion  potential  Vd  and  the 
strain  potential  increase  due  to  enhanced  lattice  deformation 
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Fig.  4.  (a)  Capacity  of  the  electrochemical  cell  depends  linearly  on  the  contact  area  ACeii,  which  suggests  that  the  defects  in  a  given  crystal  volume  directly  contribute  to  the  cell 
performance,  (b)  After  a  first  electroformation  cycle,  the  capacity  of  the  electrochemical  cell  remains  comparatively  constant  during  several  cycles,  which  shows  the  stability  of  the 
oxide  with  periodic  charging  and  discharging. 


[10]  revealing  linear  and  quadratic  dependence  respectively,  as  well 
as  a  more  pronounced  oxygen  vacancy  concentration  gradient  at 
higher  voltages  and  a  higher  state  of  ordering  (entropy  of  mixing). 

Capacity  considerations  obviously  show  a  dependence  on  the 
contact  area  of  the  current  collector  (see  Fig.  4a),  scaling  linearly. 
The  corresponding  cell  volume  which  is  charged  during  electro¬ 
formation  thus  correlates  directly  with  the  number  of  redistributed 
mobile  defects  10]  and  therefore  allows  a  linear  up-scaling  of  ca¬ 
pacity.  To  study  the  stability  of  the  electrochemical  cell  in  respect  to 
rechargeability,  consecutive  measurements  on  another  single 
crystal  have  been  performed.  In  accordance  it  is  possible  to  show 
the  rechargeability  of  the  cell  (see  Fig.  4b),  whereby  the  capacity 
varies  within  ±1.5  mAh  kg-1  during  8  cycles. 

4.  Discussion 

Successfully,  a  new  concept  for  rechargeable  electrochemical 
energy  storage  based  on  defect  separation  by  an  external  electric 
field  in  materials  with  high  dielectric  constants,  like  strontium 
titanate,  was  presented.  As  a  major  advantage  the  transition  metal 
oxide  serves  as  anode  and  cathode  as  well  as  electrolyte  and 
separator  in  one  material  for  energy  storage  applications.  The  usage 
of  an  environmentally  friendly  and  low  cost  material  is  another 
benefit  in  the  development  of  renewable  energy.  Similarly,  SrTi03 
features  thermal  as  well  as  mechanical  and  chemical  stability 
associated  to  minor  wastage  and  cycle  stability.  The  presented  cells 
could  be  cycled  several  times  at  capacities  of  3  mAh/  kg'1.  It  is 
obvious  that  the  standard  details  of  the  presented  energy  device 
have  to  be  optimized,  regarding  other  established  electrochemical 
energy  storage,  e.g.  lithium  ion  batteries,  metal  air  batteries  or 
redox  flow  batteries.  But  this  proof  of  concept  initiates  further 
investigation  and  transfer  of  the  results  to  thin  films.  In  particular, 
higher  capacities  could  be  achieved  in  accordance  to  an  increase  of 
the  defect  density  or  the  up-scaling  of  the  cell  volume,  which  is 
directly  related.  A  sufficient  voltage  improves  keeping  the  charged 


state  at  full  capacity.  As  defined  by  this  proof  of  concept,  the  all-in- 
one  rechargeable  energy  storage  is  especially  suitable  for  electro¬ 
chemical  short-term  storage,  like  supercapacitors.  To  enhance  the 
Nernst  potential,  it  is  suggested  to  employ  transition  metal  oxides 
with  redox  couples,  revealing  a  higher  difference  of  their  redox 
potentials,  such  as  Mn,  Cr  or  Fe.  Likewise,  combinations  of  oxides 
may  be  envisaged  to  establish  a  bifunctional  redox  couple  to  in¬ 
crease  the  cell  voltage.  For  such  processes  to  occur,  defect  diffusion 
across  interfaces  has  to  be  realized. 
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